A ddcnbrooke's Hospital, C(ambridge SUMMARY Evidence for the occurrence of microbial breakdown of carbohydrate in the human colon has been sought by measuring short chain fatty acid (SCFA) concentrations in the contents of all regions of the large intestine and in portal, hepatic and peripheral venous blood obtained at autopsy of sudden death victims within four hours of death. Total SCFA concentration (mmol/kg) was low in the terminal ileum at 13±6 but high in all regions of the colon ranging from 131±9 in the caecum to 80± 11 in the descending colon. The presence of branched chain fatty acids was also noted. A significant trend from high to low concentrations was found on passing distally from caecum to descending colon. pH also changed with region from 5-6±0-2 in the caecum to 6-6±0 1 in the descending colon. pH and SCFA concentrations were inversely related. Total SCFA (~imol/l) in blood was, portal 375±70, hepatic 148±42 and peripheral 79±22. In all samples acetate was the principal anion but molar ratios of the three principal SCFA changed on going from colonic contents to portal blood to hepatic vein indicating greater uptake of butyrate by the colonic epithelium and propionate by the liver. These data indicate that substantial carbohydrate, and possibly protein, fermentation is occurring in the human large intestine, principally in the caecum and ascending colon and that the large bowel may have a greater role to play in digestion than has previously been ascribed to it.
There is now much evidence' that dietary polysaccharides, both starch and non-starch polysaccharides (dietary fibre), escape digestion in the human small intestine and are then broken down in the Ilarge bowel.' This phase of digestion is carried out by anaerobic bacteria that reside in the caecum and colon and may parallel that occurring in the rumen and hind gut of other animal species.""' The microbial breakdown of carbohydrate is an anaerobic process, known as fermentation, that yields short chain fatty acids (SFCA) (acetic, propionic and butyric acids) as its main end products together with various gases (hydrogen, methane and carbon dioxide) and energy, which the bacteria require for growth and the maintenance of cellular function.
The production of hydrogen and methane from fermentation in the human large intestine has been known for many years,"'' as has the presence in faeces of end products of fermentation such as SCFA." More recent studies have shown that bacteria which produce polysaccharide degrading enzymes occur in the large bowel of man.'" Many lines of evidence therefore support the idea that fermentation occurs in the colon but, because of the difficulties in obtaining access to the human large bowel during normal digestion, most of the evidence for fermentation has, of necessity, been indirect. We have therefore tried to establish the occurrence of fermentation in the caecum and other regions of the colon, and the fate of its principal end products by measuring SCFA in all regions of the small and large intestine and in portal, hepatic and peripheral venous blood obtained soon after death from people who had died suddenly.
Methods

STUDIES IN PIGS
In order to determine the magnitude of post mortem change that might occur in the composition of gut contents five mature pigs, which had been allowed free access to food until the time of death, were slaughtered and pH was measured in the ileum, caecum, midcolon and rectal area at the time of death and four hours after death, during this period the bodies lay on the floor of the animal mortuary. From two pigs samples (about 5 g) were taken from each region at half hourly intervals from 0-4 h for SCFA analysis. In addition, to assess the variability in SCFA concentrations due to sampling six samples were taken from the caecum of one pig at one hour after death and duplicate samples from all other regions at the same time.
STUDIES IN MAN
Samples of blood and intestinal contents were obtained at the time of autopsy carried out a maximum of four hours after death. The abdomen was opened first and blood obtained from the portal vein, hepatic vein and then from a peripheral vein -usually the femoral. Blood was put into lithium-heparin containing tubes and plasma removed by centrifugation and then stored at -20°C before analysis. String was tied round the colon to delineate the anatomical regions (caecum, ascending, transverse, descending, sigmoid, rectum as defined in Gray's anatomy"4) and then the whole of the intestine removed. The small intestine was divided into 100 cm lengths, after removal from the mesentery, and data described in the paper from the jejunum are from the first 100 cm distal to the duodenojejunal flexure, whilst ileal samples were obtained from the segment proximal to the ileocaecal valve. The colon was opened a!ong its entire length and the contents scraped out with a wooden spatula, mixed, and placed in a plastic pot. pH was measured immediately using an EIL soil electrode, the mean of three separate measurements being taken in each region. All samples were then frozen in solid CO2 and stored at -20°C until analysed. Short chain fatty acid concentrations in portal, hepatic, and peripheral venous blood are given in Table 3 . All three anions were detected in portal blood although concentrations were about 1/1000th less than in colonic contents. Total concentrations were 375 tmol/l in portal blood falling by 60% in hepatic blood to 140 [mol/l, and then a further fall in peripheral blood to 79 ,umol/l. Marked differences were seen in molar ratios (Table 4) of the three major short chain fatty acids amongst the various regions where they were found. In colonic contents the molar ratios of acetate:propionate:butyrate are 57:22:21 for all regions, despite a significant fall in individual anions between right and left colon. In portal blood, however, the relative amount of butyrate falls to only 8% whilst transport through the liver reduces propionate from 21 to 12% of the total. In peripheral blood only acetate is found in measurable quantities.
Discussion
There are major difficulties in establishing the digestive function of the large intestine, especially the caecal area, because of its inaccessibility. In order to gain access to the colon and the blood draining the gut in people who were eating normally, we decided to study sudden death victims -that is, people who without any antecedent symptoms of ill health requiring medical attention died suddenly. In the UK such deaths are principally from road traffic accidents or Figure 2 shows, the differences between regions in SCFA levels were much greater than any changes seen with time. The absolute values for both pHi and SCFA concentrations observed in the pigs were within the wide range reported from other studies of pigs. "-' A time limit of four hours was chosen for these studies as the minimum realistic interval between death and the completion of the necessary authorisations to proceed with and complete an autopsy. In vitro studies of microbial fermentation indicate that significant SCFA production may occur over this time at 37°C"' but the rapid cooling of bodies after death, the complete absence of colonic motility and the poor availability of carbohydrate substrates may explain the relative slowness of these changes seen in the pig, and probably therefore in man. In studies of pigs Moore et al' found that samples taken from the intestine at four hours after death were bacteriologically indistinguishable from specimens taken from the same animal at the time of death. Nevertheless post mortem fermentation probably does occur and the present values must be viewed in this light. The pig studies, and those comparing human faecal SCFA and values from the sigmoid/rectum in this study, however, suggest that changes with time are unlikely to be great and to obscure the larger differences between regions in the colon, nor to alter the magnitude of overall levels of these fatty acids unacceptably.
In man these studies provide clear evidence of fermentation occurring in the large intestine, especially the right side. The progressive decline in total SCFA concentrations coupled with the rise in pH as contents proceed distally suggests that the amount of substrate available for fermentation is limiting these processes to the caecum and ascending colon predominantly. Total concentrations of acetate+ propionate+butyrate in the sigmoid/rectal area (87 mmol/kg) are similar to those found in faeces by others which range from 72-83 mmol/kg''' 24 and 66 mmol/kg in previous studies of our own.' The lower concentration of SCFA found in faeces when compared with that of the right colon limits the extent to which faecal data can be used to interpret changes in fermentation occurring in the colon. Moreover, SCFA are rapidly absorbed from the human colon" '7 so it is hardly surprising that most studies of the effect of diet on faecal SCFA levels in man have shown little if any change. 5 2'
The pH of colonic contents in vivo has been measured using a pH sensitive radiotelemetering device by Bown et aV19 and Patil et aP3" in healthy subjects. Right colonic pH in these studies were 6-0 and 6-36 respectively compared with a mean (arithmetic) of 5-9 in the present study. Both the present study and those using the radiopill show a significant change in pH from right to left colon of about 1 unit. We have shown that this change in pH is associated with a change in SCFA concentrations, these being higher in the caecum where pH is low, and presumably fermentation is most active, and lower in the sigmoid/rectum where pH is more alkaline. The relative acidity of the caecal area, and its relation to carbohydrate fermentation,' '" may be important in the control of microbial enzyme activity such as bile acid 7-a-dehydroxylase.' The sharp fall in pH from terminal ileum to caecum (5) (6) Table 2 are much lower than have been reported for other species such as the rabbit, which is a hindgut fermenter (5-6 mmol/l)33 and the rat (1-2 mmol/l) 37 It has been shown in man that the colonic epithelium actively metabolises butyrate4' whilst in the guinea pig colonocyte4" butyrate is metabolised in preference to acetate and propionate. Arterial blood supplying the gut contains predominantly acetate," however, so when short chain fatty acids are absorbed from the gut into this blood a fall in the proportion of butyrate would occur, without ainy epithelial metabolism. Nevertheless, the data suggest some selective uptake by the mucosa. From these data, particularly the amounts of SCFA in portal blood, it must be inferred that substantial carbohydrate breakdown is occurring in the large intestine. Other studies of the microflora of the human large gut indicate that more fermentation is occurring than can be accounted for simply by the breakdown of dietary fibre alone." These differences are probably caused by starch. Furthermore the presence of branched chain fatty acids in colonic contents indicates that protein breakdown is also occurring. Together the evidence points to the colon having a much larger role in digestive physiology than has previously been attributed to it and one that might be substantial in people living on diets much higher in starch and fibre than those which are average in Britain.
